Generally, the overall performance of scramjet combustor is greatly impacted by the fuel distribution scheme. The current paper mainly conducted a comprehensive parametric study of the impact of fuel distribution on the overall performance of a kerosenebased scramjet combustor. Herein, a 3D supersonic combustor with a recessed cavity and four injection orifices was taken into consideration. The combustor's performance was analyzed by 3D RANS model. The fuel equivalence ratio for each injection port was taken as the design variables. And the combustion efficiency, the total pressure recovery coefficient, and the drag coefficient were chosen as the objective functions. Some novel data mining methods including DOE technique, Kriging approximation model, interaction analysis, and main effects analysis methods were employed to conduct the parametric study. The distributed fuel injection scheme was optimized by nondominated sorting genetic algorithm. The results show that three objective functions were remarkably affected by both of the total fuel equivalence ratio and the fuel distribution scheme. The objective functions cannot reach the optimal solution at the same time, and there must be a tradeoff among the objective functions.
Introduction
Owing to higher combustion efficiency and specific impulse compared to other propulsion systems such as the rocket engine and the turbine engine under hypersonic conditions, the scramjet engine is expected to be a main engine for the future hypersonic vehicle [1] . Because of its high volumetric energy density, liquid fuel (such as kerosene) has great potential advantage over gas fuel (such as hydrogen). Thus, the liquid-fuel-based, especially the kerosene-based, scramjet engine has got more and more attractions [2] . As a critical component of scramjet, the combustor has a very important influence on scramjet and entire hypersonic vehicle. Supersonic combustion technology is a key enabling technology for sustained hypersonic flights [3] . In this paper, parametric study of a kerosene-based scramjet combustor was taken into consideration carefully to explore the combustor's overall performance.
The length of supersonic combustor should be limited to be less than one meter to increase thrust-weight ratio. And, then, the residence time of air within the scramjet combustor is typically on the order of one millisecond when 6 < Ma < 8 [3] . Thus, the liquid fuel should go through the process of injection, evaporation, mixing with air, and combustion within such short residence time. So far, there are still lots of difficulties to be resolved to enhance supersonic combustor performance due to the lack of theoretic knowledge and experimental approaches [4] .
Many efforts, both experimentally [4] [5] [6] [7] [8] and numerically [9] [10] [11] [12] [13] [14] [15] [16] , have been directed to scramjet combustor study since 1960s to explore the performance of supersonic combustor. With the huge advancement of CFD technique, the numerical simulation method has become a very important tool for the research on scramjet combustor [13, 15] . Ebrahimi et al. [12] had conducted comprehensive numerical study on scramjet combustor based on gaseous ethylene, and the effect of different fuel injection scheme on the overall scramjet combustion efficiency was determined. Based on hydrogenbased supersonic combustor, You et al. [14] had made deep comparison between RAN model and DES model. You et al. [14] stated that the RAN model cannot finely capture the dynamic characteristics of turbulent structures, but it can predict the overall performance of scramjet combustor with no much fidelity loss when compared to the DES model. The current paper gives a comprehensive parametric study of a kerosene-based supersonic combustor using 3D numerical simulation method. A 3D kerosene-based scramjet combustor with a recessed cavity was adopted here. The effects of fuel distribution were specially taken into consideration. Figure 1 shows the flow chart for the entire parametric study process. Here, 3D Navier-Stokes equations and SST -RANS-based turbulence model together with discrete phase model were employed to predict the flow field. It is an effective way to model liquid fuel injection as discrete phase model which has been proved in [9] . A 1-component surrogate model (C 12 H 24 ) and four-step chemical kinetic model were used to represent typical chemical properties of kerosene. Additionally, DOE (design of experiments) method was adopted to better explore the design space. Fluent software was used to conduct 3D numerical simulation to predict the flow field and then train the sample points. Based on the sample points, Kriging approximation model which can be used to fast evaluate the performance of the supersonic combustor was constructed. The running time of Kriging model is less than one second, which is much less than the time required by direct CFD computation. And this can make multiobjectives optimization study much more practical. The distributed fuel injection scheme was optimized by nondominated sorting genetic algorithm-II (NSGA-II), which is one of the efficient algorithms for optimizing multiobjectives/multivariables problem [10] . And, at last, the results from comprehensive parametric study including main effect analysis, Pareto front analysis, and multiobjectives optimization were presented. There are three objective functions used here to evaluate the combustor performance, namely, the total pressure recovery coefficient, the drag coefficient, and the combustion efficiency, respectively. Up to four parameters were chosen as the design variables, which are the fuel equivalence ratio for four injection ports at four different locations, respectively.
Physical Model
The scramjet combustor model used here, shown in Figure 2(a) , is similar to the model adopted by Yu et al. [5] . It is a plane symmetry combustor. There are totally three sections contained in the combustor. The first section is a nearly constant area (half-expansion angle of 0.5 ∘ ) with length of 0.266 m, connected with expansion section with length of 0.3 m and half-expansion angle of 1.5 ∘ , and the third section is also expansion section with length of 0.336 m and half-expansion angle of 2.0 ∘ . The combustor entrance is 0.0305 m in height and 0.03 m in width. A cavity is located at 0.115 m downstream of the combustor entrance. The cavity is 0.008 m in height, 0.045 m in length, and 45 ∘ in aft-wall angle, respectively.
The fuel injection scheme was designed as Figure 2 (b). Fuel is injected from the orifice with diameter of 0.4 mm at four different locations. The fuel injection direction for each orifice is perpendicular to the wall. Every fuel injection orifice is located at the centerline of the top and bottom wall. The distances from the combustor entrance are 0.035 m, 0.115 m, 0.155 m, and 0.240 m, respectively, for the first, second, third, and fourth fuel injection orifice. In the current study, the geometry is simplified as 5 mm long spanwise section, which is equal to the internal distance of fuel injection orifice in [5] . Due to its symmetric characteristics with regard to horizontal center plane, the model was again simplified as top half model shown in Figure 2 (c). Here, the usage of half-symmetry model can save lots of computational time.
The operating conditions for the current scramjet combustor are as follows. At the combustor entrance, the Mach number is Ma = 2.5, the total pressure is 0 = 1.35 MPa, and the total temperature is 0 = 1720 K. The inflow air is composed of 20% O 2 , 13.4% H 2 O, and 66.6% N 2 in mass fraction. Kerosene is injected at room temperature = 300 K together with the static pressure of 2.5 MPa for all injection ports.
Methodology

Numerical Simulation Method.
Here, commercial software, Gambit, is employed to generate high-quality structured grids. In order to avoid inappropriate grid structure for complex configuration, the computational domain, shown in Figure 2 (c), is divided into 6 blocks, which are all threedimensional. All blocks are patched together to form the entire mesh. In the vicinity of the wall and fuel injection orifices, the grid is refined, and the space of the first layer grid near the wall (including the upper wall and the cavity wall) is about 1.0 − 5 m. This can make + < 10, which has been proved to be able to resolve 3D supersonic combustor problem well [11] . Thus, the grid has a high capability of resolving power in turbulence problem. The grid is also refined at the location with large gradient of the flow field to enhance the capability of capturing shock wave. The whole mesh consists of about 573,000 cells. The mesh is generated on the right-hand Cartesian coordinates, in which -axis is taken along with the combustor length direction, while -axis and -axis are along with the height and width direction of the combustor, respectively. The origin for the coordinate system is placed at the intersection point between the central line of the bottom wall and the plane of the combustor inlet.
Here, 3D implicit Reynolds-averaged Navier-Stokes (RANS) equations coupled with two-equation SST -turbulence model and multisteps chemistry set are used to predict the flow field of 3D supersonic combustor. Twoequation SST -turbulence model computes the nearwall treatment for low-Reynolds number [11] . Because the volumetric fraction of liquid fuel is much less than 10% under the conditions considered in the current paper, discrete phase model (DPM) is employed here. In discrete phase model, the liquid fuel is assumed to be composed of liquid droplets. In numerical calculation process, the droplets' dynamic characteristics include droplets trajectory and mass/heat exchanging with continuous phase is calculated. This model could decrease computational cost greatly. The liquid fuel injected into the main flow is modelled as discrete phase while the main flow is modelled as continuous phase. The discrete phase is highly coupled with the continuous phase, and steady particle tracking model and dispersion of droplet due to turbulence are both taken into consideration. The Rosin-Rammler diameter distribution method is employed to predict the diameter distribution of fuel droplet, of which the average diameter value is assumed to be equal to 0.025 mm (the data is selected from [5] ). A similar numerical method has been proved by [3] that it can predict the flow field of kerosene-based supersonic combustor well.
Chemical Kinetics for
Kerosene. However, due to the uncertainty in the ingredients of kerosene (the species of kerosene are different from batch to batch) and the complexity of kerosene combustion process, there is a great difficulty in obtaining detailed chemical kinetic mechanism. Meantime, it is unpractical to simulate kerosene combustion process with detailed chemical kinetic mechanism. Fortunately, there are more and more works devoted to finding surrogate model and reduced chemical kinetic model to represent the typical physical and chemical properties of kerosene. This can greatly help to simulate the kerosene combustion process accurately with much less time-consumption [17] [18] [19] [20] . Dagaut [17, 20] conducted a comprehensive investigation Table 1 : Chemical kinetic mechanism for kerosene combustion [24] .
4.00 + 14 0 20131 on the surrogate model for kerosene and he showed that some surrogate model with 1-3 components can represent main properties of kerosene well. Kumaran and Babu [3] used RANS method coupled with discrete phase model to simulate a kerosene-based supersonic combustor. A one-step reaction mechanism was employed and it is proved to be able to predict the pressure distribution characteristics of the flow field well. In this case, kerosene was represented as C 12 H 24 . Zhang et al. [21] carried out a numerical research on a kerosene-based scramjet combustor with 1-component surrogate model (C 11 H 23 ) and four-step chemical kinetic mechanism. Zhang showed that this chemical model can predict the combustion process well. Multisteps reaction mechanism used in the current paper is shown as Table 1 . Herein, kerosene chemical kinetics are in Arrhenius form, = − / , and kerosene is modelled as C 12 H 24 [22] . The mechanism has been evaluated by lots of experimental and numerical results and has been proved to show reasonable accuracy in a relatively broader range [21, [23] [24] [25] .
Boundary Conditions.
At the combustor entrance, the pressure inlet boundary condition is used where the static pressure, the total pressure, the total temperature, and the species mass fraction are specified. The inflow at the entrance is assumed to be uniform. As for the fuel injection, it is modelled as discrete phase model, where the mass flow rate, the size and location of fuel injection orifice, the fuel temperature, the fuel velocity, and the average diameter of fuel droplet are specified. Here, the fuel mass flow rate is calculated from fuel equivalence ratio. At the combustor exit where the pressure outlet boundary condition is applied, the variables are determined from interior flow field by extrapolation. In addition, no-slip wall boundary condition is applied to all walls. All walls are assumed to be adiabatic requiring the normal derivative of temperature to vanish. Along the horizontal central plane of the combustor, the planar symmetry boundary condition is used.
Validation of Numerical Simulation Method.
In order to validate the accuracy and reliability of the numerical simulation method, the predicted flow field has been compared with experimental data firstly. Here, the experimental data was selected from [5] . And, then, grid independence study was also carried out. Figure 3 shows the comparison between the experimental data and the predicted data based on different grid size level. In Figure 3 , the pressure curve represents the static pressure distribution along the centerline of the top wall. Herein, the cell number of coarse mesh is about 573,000 and the refined mesh's cell number is about 825,000. It can be seen from Figure 3 that the numerical method adopted in this paper can predict the overall trend of the pressure distribution well, but there is still a notable difference at some locations. The maximum difference is about 13.7% at = 0.245 m. The difference between the predicted data and the experimental data might be caused by numerical errors. From Figure 3 , we can also find that the predicted data between two different grid size levels has slight difference. Thus, it can be concluded that the predicted data is independent of the grid size level when the grid size level is placed within the range of [573,000, 825,000]. Taking the huge difficulties in the numerical simulation of supersonic combustion into consideration, the numerical simulation method adopted in this paper is acceptable. And, finally, the mesh cell number is fixed at about 573,000 (900 × 91 × 7) to save computational cost without too much accuracy loss.
DOE (Design of Experiments) and Kriging Approximation
Model. In recent years, the use of high-fidelity CFD method for analyzing the flow field in supersonic combustor has dramatically increased. In addition, kinds of optimization techniques have been developed to obtain optimal solution [16] . However, the optimization process will iterate at least thousands of iterations before it converges. Thus, it is very difficult to couple high-fidelity CFD directly with optimization algorithm to carry out optimization research due to the huge computational cost of CFD. DOE technique and approximation model can provide a much easier way to alleviate such difficulty.
DOE technique can be used to help better explore design space. In the current study, Optimal Latin Hypercube DOE method [26] is employed to conduct the DOE study. Optimal Latin Hypercube method is a statistical method for generating a sample of plausible collections of parameter values from a multidimensional distribution [26] . It allows many more points and more combinations to be studied for each factor, and experiment points are spread evenly, allowing higher order effects to be captured. Designer has total freedom in selecting the number of designs to run as long as it is greater than the number of factors. Table 2 shows the basic input conditions for DOE study. Here, the fuel equivalence ratios for four different fuel injection orifices were selected as the design variables, and each design variable has five design levels which are 0.0, 0.15, 0.30, 0.45, and 0.60, respectively. The variables Inj1 , Inj2 , Inj3 , and Inj4 represent the fuel equivalence ratio for the first, second, third, and fourth injection port, respectively. In order to avoid the thermal choking, the constraint of 0.0 < total < 0.8 is also specified. Through DOE study, we got totally 30 sample points.
Kriging approximation is a type of reduced order model, which has been proved to be able to do well with complexity problem such as multiobjectives/multivariables problem and multipeaks problem [16, 27, 28] . It can save lots of computational time and ultimately make optimization process available. In the current paper, Kriging approximation model is used to rebuild the relationships between the design variables and the objective functions.
Results and Discussion
Three objective functions are considered in the current study, namely, the combustion efficiency, the total pressure recovery coefficient, and the drag coefficient. The combustion efficiency is calculated based on fuel consumption at the outlet plane of the combustor. Hence, it gives an indication of the completeness of combustion process. The combustion efficiency at the outlet plane is given as [29] = (∫ 168/ (12 × 44) )
where is the mass fraction of CO 2 and the multiplicative in the numerator accounts for the fact that 12 kmoles (12 × 44 kg) of CO 2 is produced from the combustion of 1 kmole (168 kg) of kerosene.
The total pressure coefficient is defined as
where, 0,in , 0,out , and are the mass-averaged total pressure at the combustor entrance, the mass-averaged total pressure at the combustor exit, and the total pressure recovery coefficient, respectively. The drag coefficient is defined as
where is the viscous drag force within the combustor. Here, the total drag force is calculated as X-direction viscous drag. And 0.5 2 is the dynamic pressure defined at the combustor entrance. Figures 4-7 show the flow field for different fuel injection conditions. In each case, fuel is solely injected from different fuel injection orifice while the fuel equivalence ratios are all kept to be constant as 0.45 Table 3 . Figure 4 shows the detailed flow field for Case 1. It can be seen from Figure 4 (a) that an obvious oblique shock formed at the first fuel injection orifice, and then it was followed by a long shock train. The main flow is supersonic except the flow field within the cavity and some shock/boundary layer interaction area. The reversed flow in the cavity, depicted in Figure 4 (b), can help to keep the flame stable. At = 0.26 m, a strong oblique shock wave train is formed, which may be caused by a great amount of heat release in this location and the oblique shock wave/boundary layer interaction. Obviously, there is a peak value of static pressure with about 185 kPa at the location around = 0.26 m. Figure 5 shows the detailed flow field for Case 2. For this situation, fuel is injected from the leading wall of the cavity. And the injection direction is parallel to the main stream direction. Thus, due to the fact that no disturbance is placed on the flow field ahead of the cavity, the flow field of the combustor section ahead of the cavity is very simple and almost tends to be uniform, which can be seen in Figure 5(a) . There is also an oblique shock wave that starts from the leading edge of the cavity. When compared to Case 1, the maximum static pressure for Case 2 is a little smaller (about 180 kPa). A remarkable recirculation flow exists in the cavity where the velocity is very low. This helps to keep flame holding. Figure 6 shows the detailed flow field for Case 3. For this case, fuel is injected from the bottom wall of the cavity and the injection direction is perpendicular to the main stream direction. Similar to Case 2, the flow field of the combustor section ahead of the cavity is still simple and tends to be uniform. A remarkable shock train is formed after the leading edge of the cavity, which can be seen in Figure 6 (a). From Figure 6 (b), we can find that the main flow is supersonic. However, there is still a remarkable low velocity area around the location of = 0.2 m. Accordingly, the location of = 0.2 m corresponds to the location where the oblique shock wave strongly interacted with boundary layer, which can be seen in Figure 6 (a). The max pressure (210 kPa) in Case 3 is much higher than that of both Cases 1 and 2. Figure 7 shows the detailed flow field for Case 4. For this situation, fuel is vertically injected from the upper wall. From Figure 7 (a), we can find that the main flow is supersonic except the cavity area. It can be seen from Figure 7 (b) that the low velocity area is much smaller when compared to Cases 1-3. This indicates that the heat release level is low and fuel injected into the combustor has no much time to completely go through the process of evaporation, mixing with air and combustion before fuel escape from the combustor exit. Accordingly, the maximum static pressure in this case is relatively lower and its maximum value is about 140 kPa due to much lower level of heat release. Figure 8 shows the effect of fuel injection location on the overall performance of the combustor. From Figure 8 , we can International Journal of Aerospace Engineering 7 find that when keeping the fuel equivalence ratio constant, the fuel injection location places a great influence on three objective functions. With the increase of the distance from the injector orifice to the combustor inlet, the total pressure recovery coefficient and drag coefficient increase with different increments while the combustion efficiency decreases gradually. Simulation results also show that better overall performance can be achieved in terms of the combustion efficiency and the drag coefficient as fuel is injected at the upstream fuel injector, while the combustor will get worse performance in terms of the total pressure recovery coefficient as fuel is injected at the upstream fuel injector. When comparing Case 4 with Case 1, the combustion efficiency decreases about 77.3%, the total pressure recovery coefficient increases about 46.9% and the drag coefficient increases by 0.2.
Characteristics of Flow Field.
Interaction Effect Analysis and Main Effect Analysis.
In this section, we present a comprehensive study on interaction effects of the design variables on the objective functions. Interaction effect shows the main effect of a selected factor on a response at each level of another factor.
In interaction graph, lines that are parallel indicate that two factors have no interaction effect on the response (the less parallel the lines, the greater the interaction). Herein, we check the interaction effect between every two design variables, which can be seen in Figures 9-11 . The interaction effect was analyzed based on regression analysis method [30] .
There are different interaction effects for different objective functions. Two lines in Figure 10 (c) are almost parallel to each other and this indicates that there is slight interaction effect of 1 and 4 for the drag coefficient. Except for 1 and 4 , remarkable interaction effects exist between other design variables for the drag coefficient, which can be seen in Figure 10 . Such remarkable interaction effects indicate that reasonably fuel injection scheme can decrease the drag coefficient.
When compared with the drag coefficient, Figures 9 and 11 present much unapparent interaction effect of the design variables for the response of the combustion efficiency and the total pressure recovery coefficient. As for the response of the combustion efficiency and the total pressure recovery coefficient, there is no remarkable interaction effect of the design variables except for 3 and 4 .
It is worth noting that interaction effect between 1 and 4 for three objective functions considered in this paper is negligible. This indicates that 1 and 4 are almost independent of each other. This may be caused by long distance between the first and fourth fuel injection orifice.
Since there is no remarkable interaction effect of the design variables for the response of the combustion efficiency and the total pressure recovery coefficient, we give a further investigation on the main effects of the design variable on the objective functions, which can be seen in Figure 12 . Herein, the main effect is the effect of one of the independent design variables on the objective functions, ignoring the effects of all other independent variables.
Due to the strong interaction effect of the design variable for the response of the drag coefficient, the main effect for the drag coefficient has no significance and its analysis results are not presented here. From Figure 12 (a), we can find that 1 , 2 , and 3 have strong impact on the combustion efficiency, while 4 have relatively less impact. As for the total pressure recovery coefficient, it is impacted by 1 greatly. However, 3 and 4 have much less impact on the total pressure recovery coefficient.
Pareto Graph.
Pareto graph is a graph that shows the relative effects of the factors on a response as determined by the data set's regression analysis. It is an ordered bar chart that displays the effects of each factor on a selected response [30] . From Pareto graph, we can find the contribution of each design variable to the objective functions, which can be seen in Figure 13 .
Before conducting regression analysis, the input data are firstly scaled to range from −1 to 1 and least squares fit is performed on this data. The scaling is performed so that the contributions can be compared more fairly.
It can be concluded from Figure 13 (a) that 4 , 2 , and 3 devote more than 20% negative contribution to the combustion efficiency. This means that the combustion efficiency always decreases with increase of 4 , 2 , and 3 , respectively. However, interaction effect of 3 -4 has nearly 10% positive effect on the combustion efficiency, and second order of 1 has about 7% positive effect. From Figure 13 (b), we can find that 1 has the most negative effect on the drag coefficient (about −30%), and interaction effects of 1 -3 and 2 -4 have the most positive effect on the drag coefficient (about 12% and 11%, resp.), while interaction effect of 1 -4 has the least effect on the drag coefficient. From Figure 13 (c), we can find that 1 , 2 , 3 , and 4 have the most negative effect on the total pressure recovery coefficient (−31%, −21%, −16%, and −10, resp.). The remaining interaction effect terms contribute less than 5% effect on the total pressure recovery coefficient, which is consistent with the results from interaction effect analysis.
Multiobjectives Optimization and Pareto Front Analysis.
In order to comprehensively understand the relationship between the objective functions, multiobjectives optimization has been carried out in the current paper. And Pareto front was also obtained from multiobjectives optimization process, which is depicted in Figure 14 . Herein, DOE technique and Kriging approximation model together with nondominated sorting genetic algorithm-II (NSGA-II) are employed to carry out the multiobjectives optimization research. Figure 14 (a) illustrates the relationship between the combustion efficiency and the total pressure recovery coefficient. The optimal combustion efficiency increases with the increase of the total pressure recovery coefficient initially, and then it decreases with the increase of the total pressure recovery coefficient. This can be concluded that the combustion efficiency and the total pressure recovery coefficient have their own optimal value, but they cannot reach the optimal solution at the same time. However, from Figure 14(b) , it is clearly observed that the optimal drag coefficient decreases with the decrease of the total pressure recovery coefficient. And there are also two optimal values for the drag coefficient and the total pressure recovery coefficient, respectively. From the relationship between the combustion efficiency and the drag coefficient, we can find that there are also two optimal values for the combustion efficiency and the drag coefficient, respectively. Thus, they also cannot reach the optimal value at the same time (see Figure 14(c) ).
Finally, a Pareto front for three objectives is plotted in Figure 14 (d). It can be easily observed that the potential optimal values for three objective functions conflict with each other. This implies that any objective function reaches the optimal value will lead to the performance loss for the other two objectives. Thus, there must be a tradeoff among three objective functions.
Conclusions
Based on the agreement of the numerical results and the experimental data, a comprehensive parametric study of fuel distribution effects on the overall performance of a 3D kerosene-based supersonic combustor has been carried out. Some data mining methods including design of experiments, regression analysis, Kriging approximation model, and multivariables/multiobjectives optimization methods were employed to quantificationally check interaction effect, main effect, and Pareto front.
Both of the fuel injection location and fuel equivalence ratio have great influence on three objective functions considered in this paper. Through carefully tuning the fuel distribution, the performance of scramjet combustor can be adjusted flexibly. However, due to remarkable interaction effects among the design variables, this performance adjustment process would be very complicated. Additionally, three objective functions always conflict with each other, so there must be a tradeoff among three objective functions. The results from this paper could give some guidance for scramjet engine design or scramjet control system design. 
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